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Determining  the  maintenance  and  control  mechanisms  of the energy  and  water  exchanges  over  the  desert
riparian forest  zone  in  the  lower  Tarim  River  of  China  could  improve  our  understanding  of land  surface
processes  of  the  groundwater-dependent  ecosystems  in the  hinterland  area  of the  Eurasian  continent
under  hyper-arid  climate.  Nearly  three  years  of  continuous  measurements  of  meteorological  factors,
surface  water  and  energy  ﬂuxes,  soil  water  content,  and  groundwater  table  were  carried  out  over a
riparian  Tamarix  spp. stand  in  the  lower  Tarim  River  basin.  Because  of scarce  precipitation  and  low  air
humidity,  the  diurnal  and  seasonal  variations  of most  meteorological  factors  exhibited  simple  unimodal
dynamics.  However,  the seasonal  variation  of  latent  heat  exchange  (LE) was  distinctly  related  to plant
phenology.  The  sensible  heat  exchange  (H)  exhibited  reverse  course  with  the  LE  seasonal  course,  which
suggested  seasonal  variation  of the H was  controlled  by the  LE course.  In  the daytime,  a  good linear  rela-
tionship  existed  between  evapotranspiration  (ET)  and  reference  evapotranspiration.  The yearly  ET  over
the  tamarisk  stand  was  approximately  500  mm  year−1, and  the mean  daily  ET  is  about  3.85 mm  d−1 in a
vibrant  growing  season.  The  groundwater  table  and  the  soil  water  content  (SWC)  near  the  groundwater
table  exhibited  obvious  seasonal  and  diurnal  variations  in the growing  seasons  but SWC  in  the  shallow
soil  layer  did  not, suggesting  the  groundwater  was  the  water  source  of  the  tamarisk.  Our analysis  indi-
cated  that  under  a hyper-arid  climate,  the energy  and  water  exchanges  over  riparian  tamarisk  stands  in
the  lower  Tarim  River  basin  showed  certain  features:  (1)  plant  transpiration  accounted  for  most  of the
surface  ET,  with  soil evaporation  weak  and  negligible;  (2)  the  seasonal  processes  of  surface  energy  and
water  exchanges  were  highly  related  with  plant  phenology;  (3)  the  diurnal  processes  of ET  resulted  from
the  comprehensive  effects  of all atmospheric  factors;  and  (4)  ET depends  on groundwater,  rather  than
precipitation.
© 2014  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Energy and water exchanges between land surfaces and the
tmosphere have a signiﬁcant effect on the weather and cli-
ate (Pielke et al., 1998). Many important ecosystem processes,
uch as plant photosynthesis and vegetation productivity, are also
ssociated with energy and water exchange (Wang et al., 2002).
nderstanding the relative roles of climate versus vegetation or
and cover on energy exchange processes is critical for predicting
ow ecosystems will respond to future physical and biological per-
urbations. It is essential to investigate water vapor and energy
xchange processes over different ecosystems to determine the
∗ Corresponding author. Tel.: +86 10 64889024; fax: +86 10 6485 8099.
E-mail address: yuangf@igsnrr.ac.cn (G. Yuan).
ttp://dx.doi.org/10.1016/j.agrformet.2014.04.004
168-1923/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/3.0/).
mechanisms that control the water and carbon cycles and other
ecosystem processes (Krishnan et al., 2012; Wang et al., 2009).
Although energy and water ﬂuxes have been studied exten-
sively for boreal, temperate and tropical forests, grasslands and
agricultural ecosystems (Amiro et al., 2006; Borma et al., 2009;
Jose et al., 2007; Rodrigues et al., 2013; Suyker and Verma, 2008;
Wang et al., 2013; Wever et al., 2002), less attention has been
given to semi-arid and arid ecosystems (Krishnan et al., 2012). Arid
and semi-arid ecosystems cover ∼40% of the earth’s land surface
(Schimel, 2010) and are a signiﬁcant component of the earth’s cli-
mate system (Rotenberg and Yakir, 2010). Current studies often
concern arid and semi-arid regions with a mean annual precipita-
tion of 100–500 mm.  In these regions, the ecosystems are generally
water-limited (Rodriguez-Iturbe and Porporato, 2004) and rain and
its associated factors, such as rain pulses, drought events, and soil
water dynamics, often strongly inﬂuence the surface energy and
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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ater exchanges (Cavanaugh et al., 2011; Hao et al., 2007; Ivans
t al., 2006; Krishnan et al., 2012; Potts et al., 2006; Reichstein et al.,
002; Williams et al., 2009). However, in hyper-arid regions, where
he mean annual precipitation is often less than 60–100 mm  (Noy-
eir, 1973), rain is scarce and plants adapt to low precipitation.
eric phreatophytes in hyper-arid ecosystems are often dependent
n groundwater, are not sensitive to precipitation events (Xu et al.,
007a, 2011; Xu and Li, 2006), and used both groundwater and
ater from the unsaturated zone depending on species and site
onditions (Snyder and Williams, 2000). These distinctive traits of
eric phreatophytes in hyper-arid regions might change the pro-
esses and controlling mechanisms of surface energy and water
xchanges over these regions, relative to other arid and semi-arid
cosystems. The ecosystems composed of phreatophytes in arid
egion are often described as groundwater-dependent ecosystems
GDEs) (Orellana et al., 2012). Groundwater is the key source of
ater for certain vegetation species, and its availability and dynam-
cs can deﬁne a region’s vegetation composition and distribution. In
ecent years, the interaction between groundwater and vegetation
as received an extensive attention (Alkhaier et al., 2012; Gou and
iller, 2013; Loheide and Gorelick, 2007; Lowry et al., 2011; Miller
t al., 2010; Soylu et al., 2011), but energy and water exchanges over
DEs have not received such focused study, especially in hyper-arid
egions, where there are insigniﬁcant in situ data available because
f harsh environments for data collection.
The Tarim Basin in the hinterland area of the Eurasian conti-
ent, far from the ocean, is a hyper-arid region and recognized as
 strong center of sensible heat ﬂux in western China and mid-
le Asia (Zhou, 2010). The Tarim River, covering most of the Tarim
asin, is a typical inland river in a hyper-arid region. In the lower
asin of the Tarim River, two large deserts, the Taklamagan Desert
n the west and Kuluk Desert in the east, enclose the river to
orm a narrow and long desert riparian ecosystem. The structure
nd functions of the desert riparian ecosystem are controlled by
roundwater (Chen et al., 2006b, 2008; Tao et al., 2008) and inﬂu-
nced greatly by human activities. Human activities in the middle
asin of the Tarim River have greatly inﬂuenced the downstream
f the lower basin, changing the groundwater table regime in the
ower basin and causing desert riparian ecosystem changes (Tao
t al., 2008). The desert riparian ecosystem in the lower basin of
he Tarim River is an ideal representative ecosystem of a hyper-arid
limate found in the Tarim Basin and is a typical of a GDE. Revealing
he maintenance and control mechanisms of the energy and water
xchanges over the desert riparian ecosystem in the hinterland
rea of the Eurasian continent could improve our understanding
f land surface processes under hyper-arid climates and over the
roundwater-controlled ecosystems.
Tamarisk (Tamarix spp.) is a native phreatophytic shrub found
n arid northwestern China and Central Asia, tolerant to drought
nd salinity and adapted to the arid climate of central Asia. It is one
f the dominant species in the desert and riparian ecosystems in
hese areas (Gries et al., 2003; Li et al., 2013). Its strong adaptability
o hyper-arid environments has also made tamarisk a crucial con-
tructive species in riparian ecosystems all over the world (Glenn
nd Nagler, 2005; Hultine and Bush, 2011). Because it is an invasive
pecies, its ecophysiological characteristics, water use, and spatial
attern have been broadly studied in arid western USA (Cleverly
t al., 2006; Glenn et al., 2013; Horton et al., 2001b; Nagler et al.,
008; Sala et al., 1996). However, as a native species, the water
se of tamarisk has been poorly studied in China and central Asia.
i et al. (2005) had preliminarily observed one growing season of
vapotranspiration (ET) over a Tamarix ramosissima stand under hyper-arid environment using the Bowen ratio–energy balance
ethod, but the processes and controlling mechanisms of native
amarisk still need further analysis. On the other hand, tamarisk is
 typical groundwater-dependent species (Xu and Li, 2006), and itseteorology 194 (2014) 144–154 145
growth is not sensitive to precipitation (Xu et al., 2007a). Therefore,
a tamarisk stand in a hyper-arid area can provide ideal conditions
for exploring the surface energy and water exchanges controlled
by groundwater rather than precipitation.
Over the past decade, the eddy covariance (EC) technique has
been widely applied to measure the exchange of carbon, water
vapor, and energy between the earth’s surface and atmosphere
(Baldocchi, 2003). Here, we carried out nearly three years EC obser-
vation over a tamarisk stand in the lower Tarim River basin. The
meteorological factors, soil water contents at different depths and
groundwater table were observed concurrently in the same plot. In
this paper, we focus mainly on energy partitioning and ET over the
tamarisk stand. The main objectives of the paper are (1) to examine
the daily and seasonal variation in energy and water vapor ﬂuxes,
(2) to understand the spatial pattern of energy partitioning and ET,
and (3) to characterize the factors controlling the temporal and spa-
tial variation in ET. These results will improve our understanding
of land surface processes in temperate hyper-arid regions of the
Eurasian continent and the water use of native tamarisk.
2. Materials and methods
2.1. Site description
The Tarim Basin has an area of 1,020,000 km2 and covers the
entire southern portion of Xinjiang Province in China. The main
catchment of the Tarim River is 1321 km long and covers an area of
17,600 km2 (Shen and Chen, 2010; Tao et al., 2008). The lower basin
of the Tarim River is located between the Taklamagan Desert and
Kuluk Desert, from the Daxihaizi reservoir to the terminal Taitmar
Lake and has a length of approximately 250 km (Fig. 1). The narrow
but long desert riparian forest in the lower basin stretches along the
Tarim River with a width of approximately 5 km or less, therefore, it
is known as the “green corridor” that protected the “silk road” and
the current nation road along the river. The plant community in the
lower basin can mainly be classiﬁed into two categories: Populus
euphratica forest and tamarisk forest. The Populus euphratica forest
belongs to an arbor forest and the tamarisk forest belongs to a shrub
forest. The species richness in the plant communities is low. Small
amounts of other shrubs and herbs, such as Lycium ruthenicum,  Hal-
imodendron halodendron, Phragmites australis, Apocynum venetum,
Alhagi sparsifolia,  Karelinia caspica, Glycyrrhiza inﬂata,  grow in the
two communities (Ye et al., 2009a). The coverage of the plant com-
munity in this area is also low because of scarce precipitation. The
highest vegetation cover is 0.65 in the riparian forest. In most of the
area, the vegetation cover is less than 0.3, and the spatial change is
obvious (Xu et al., 2007b).
One of the distinctive features of the study area is the hyper-arid
climate. According to the meteorological records of the Tieganlik
Weather Station, which is located in the lower Tarim River basin,
the mean annual precipitation was 33.7 mm  from 1957 to 2012.
The observed maximal annual precipitation was  75.7 mm in 1974
and the minimal annual precipitation was 3.4 mm in 2001. How-
ever, the annual potential evapotranspiration can reach more than
2000 mm (Chen et al., 2006b). Precipitation generally appears in
June, July, and August; in other months, it is scarcely observed.
The lower Tarim River basin had been dried out for more than 30
years before artiﬁcial water conveyance from the Konqi (Peacock)
River via a 927-km-long contrived channel began in year 2000. This
project was intended to improve the lower riparian ecological sys-
tems (Chen et al., 2008). Water resources in the lower basin of the
Tarim River are under strict artiﬁcial controls, and water in the Dax-
ihaizi reservoir is drawn off to the lower river channel every year
(Tao et al., 2008). As a result of this artiﬁcial water management
in the lower basin of the Tarim River, most plants can gain water
146 G. Yuan et al. / Agricultural and Forest Meteorology 194 (2014) 144–154
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rom groundwater supplied by lateral seepage of river rather than
he rare ﬂood (Ye et al., 2009b).
The tamarisk stand chosen for observation covers a uniform area
f approximately 200 m × 300 m.  This area is ﬂat and located at
7◦54′E, 40◦27′N, with an altitude 846 m (Fig. 1). The observation
lot is one of the best-grown Tamarix spp. stands in the lower basin,
ith an average height of approximately 2 m.  The dominant species
re T. ramosissima, Tamarix hispida and Tamarix elongata. Under the
hrub grows a small amount of herbs (mainly are A. sparsifolia and
. inﬂata).  The Simpson diversity index of the observation site is
.71, the vegetation cover is 0.65, and the leaf area index (LAI) mea-
ured by LAI-2250 (Li-cor, Nebraska USA) is 1.15. The soil of the
bservation site was predominately silt loam with approximately
0 cm of a dry sand surface layer. The average soil bulk density was
pproximately 1.3 g cm−3.
.2. Measurements
.2.1. Energy ﬂux measurements and data processing
The EC technique was used to measure ﬂuxes of momentum,
ensible heat (H) and latent heat (LE). The measurement system
onsisted of a three-dimensional sonic anemometer (CSAT3, Camp-
ell Scientiﬁc, Utah, USA) with an open-path infrared H2O/CO2 gas
nalyzer (EC150, Campbell Scientiﬁc, Utah USA), which was  located
.8 m above the canopy. A datalogger (CR3000, Campbell Scientiﬁc,
tah, USA) was used for raw data collection and online ﬂux data
reliminary processing. Both wind speed and gas concentration
easurements and their ﬂuctuations were obtained at a frequency
f 10 Hz.
Down- and up-welling long- and short-wave radiation were
easured using a CNR4 net radiometer (Kipp & Zonen, Delft,
etherlands) mounted 1.5 m above the canopy on a boom that pro-
ected 2 m horizontally from the tower. A photosynthetic active
adiation (PAR) sensor (190, Li-cor, Nebraska, USA) was also set on
he boom. Four thermocouple temperature sensors (109, Campbell
cientiﬁc, Utah, USA) were buried in the upper 0.02 m and 0.06 m
f soil among and beneath the bushes separately. Two heat ﬂux
lates (HFP01-L, Campbell Scientiﬁc, Utah USA) were buried 0.08 m
elow the surface to measure the soil heat ﬂux. Air temperaturef the observation site.
and relative humidity were measured at 3 m (HMP155A-L, Vaisala,
Helsinki Finland) above the ground. An automatic rain gauge
(52203, R.M. Young, Michigan, USA) was  placed in an empty plot
near the ﬂux tower. All of these factors were measured every 30 min
and recorded by the CR3000 datalogger.
The data used in this study were collected from June 9th, 2011
to November 7th, 2013. The data from two  long periods (June 23rd
to 30th, 2011 and July 29th to September 8th, 2011) were missing
because of a power failure of the instruments.
Post-processing of the EC data involved spectral correction
(Eugster and Senn, 1995) and a two-angle coordinate rotation of
the wind-velocity components to reorient the X-axis parallel to
the local main wind direction. A WPL  density correction was  also
applied to the ﬂux calculations. The half-hourly turbulent ﬂuxes
and meteorological variables were again screened to remove spu-
rious data points caused by sensor malfunction, rain events, and
sensor maintenance.
The energy balance was  analyzed for the EC data. The net radia-
tion (Rn), LE and H were obtained from the EC data, and the ground
heat ﬂux (G) was calculated from the average of the two  soil heat
ﬂux plate measurements and the storage of energy in the 8 mm
of soil above the heat ﬂux plates (Gs). We calculated Gs using
the integration method of soil temperature gradient (Mayocchi
and Bristow, 1995). The canopy storage heat and the photosyn-
thetic energy consumption were ignored because of the sparse
and low canopy. The slope of the relationship between the half
hourly data of net radiation minus ground heat ﬂux (Rn − G) and
the half hourly data of total turbulent ﬂux (H + LE)  indicated that
the eddy covariance underestimates turbulent ﬂuxes by 16% for
both the whole measurement period (slope = 0.84, R2 = 0.93), and
the daytime (PAR > 1 W m−2) of the growing seasons (slope = 0.84,
R2 = 0.90). The energy balance was forced to close according to the
Bowen ratio (Wohlfahrt et al., 2009). Daily H and LE were deter-
mined after closing the energy balance of the ﬂux data.
Gap ﬁlling was conducted when the total ET had to be calculated.
Small gaps (i.e., <2 h) in the data were ﬁlled by linear interpola-
tion. Longer gaps in ET ﬂux were ﬁlled using the calculation of
0.53 × ET0, which was  determined from our analysis of the relation-
ship between ET and ET0. Here, ET0 is reference evapotranspiration.
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.2.2. Soil water content and groundwater depth measurements
Proximal to the ﬂux tower at depths of 0.3, 0.6, 1.0, 1.5, 2.0, 2.5,
.0, 4.0, and 5.0 m,  soil moisture was measured every 30 min  using 9
requency domain capacity (FDC) sensors (FDS100, Unism, Beijing,
hina). The FDC sensors were calibrated at the ﬁeld in this research.
he soil water volumetric content (SWC) at 1.5 m,  3.0 m and 5.0 m
epth were used for our analysis.
To observe the groundwater depth (GWD) changes, a 20 m depth
bservation well was drilled, 30 m from the ﬂux tower and an
utomatic groundwater level logger (CTD-Diver, Eijkelcamp, EM
iesbeek Netherlands) was placed to record the GWD  and water
emperature every half an hour. The GWD  was  corrected by air
ressure measured by the EC system.
.3. Plant phenology
Plant phenology strongly inﬂuences the surface ET seasonal
ourse. The growing season of the tamarisk stand in our study
as divided into three phenological stages based on previous
esearch ﬁndings (Bai, 1998; Yang and E, 2000). The germina-
ion and leaf expansion period (GAE) was from late April to early
une. The vibrant growing season (VGS), including the vegetative
hase, blooming, and fruit ripening stage, was from early June to
id-September. The leaf senescence period (LSP) was from mid-
eptember to late October. The non-growing season belonged to the
ormancy period of tamarisk (DOR), which was  from late October
o late April of the following year.
.4. Calculations and statistical analysis
Surface hourly ET (mm  h−1) of the riparian tamarisk stands was
alculated as follows:
T = LE
Lw
(1)
here LE is the latent heat energy (MJ  m−2 h−1); L is the latent
eat of vaporization of water (2.45 kJ g−1); w is water density
1 g cm−3). The daily ET was the sum of the hourly ET for one day;
hen the hourly ET was negative, it was set to zero.
The ET was compared with the ET0. The ET0 was calculated from
enman–Monteith equation corrected by FAO (Allen et al., 1998)
t daily and hourly scales. The daily weather data used to calculate
he daily ET0 were from the Tieganlik Weather Station, and the data
sed to calculate the hourly ET0 were from the observation at our
ux tower.
The basic statistical features of the mean values and standard
eviations (SD) were analyzed and reported for meteorological
actors. To identify inﬂuencing factors, correlation analysis was
onducted based on the least squares method.
. Results
.1. Meteorological conditions
Scarce precipitation, low air humidity and high vapor pres-
ure deﬁcit are the main climatic features of the study area.
uring the observation period, P was 42.4 mm in 2011, 26.8 mm
n 2012 and 42.4 mm in 2013 (Fig. 2), and it mainly occurred
n the summer (June to August), mostly in June (Table 1). The
nnual mean relative humidity (RH) was 38.1%. In summer (June
o August), mean RH was 38.2%, while the vapor pressure deﬁcit
VPD) was generally more than 2.7 kPa (Fig. 2), and mean VPD was
.55 kPa.
The seasonal variations of daily mean downwelling shortwave
adiation (Rsd), air temperature (Ta) and VPD exhibited the same
rend (Fig. 2), and were consistent with that of extraterrestrialeteorology 194 (2014) 144–154 147
solar radiation. This result was because of the scarce precipita-
tion. However, because of the strong convection in the summer,
the cloudy day increased, and thus the day-to-day ﬂuctuations of
Rsd, Ta and VPD were obvious and great (Fig. 2). The monthly mean
Rsd and Ta shown in Table 1 did not exhibit obvious differences
with those in the places located in the same latitude in China (Tang
et al., 2011); however considering the nearly 900 m altitude in this
region, the Ta in the summer was  relatively high. The Ta in the
winter was lower than those in the places located in the same
latitude in China, which was  most likely the result of the low air
humidity.
The wind speed (U) did not exhibit consistent seasonal varia-
tions with Rsd, Ta and VPD. High wind generally occurred in spring,
and the monthly mean U was higher in April and May. In winter,
the U was  often low (Fig. 2). In the growing season (from May  to
October), the mean U was about 1.48 m s−1 (Table 1).
The daily midday (1100–1400 h at local time) mean shortwave
albedo is shown in Fig. 2 and Table 1. Generally, the albedo in the
growing season was  lower than that in the non-growing season,
which indicated the inﬂuence of vegetation activities on the albedo.
However, although the albedo was  inﬂuenced by vegetation, the
impact on seasonal processes of weather should be weak because
of its low variability between seasons (Table 1).
The climate is relatively stable during the observation period.
Three-year observation showed that the range of the inter-annual
variations of most of the meteorological factors except for P,
especially in summer, were less than 10% (Table 1). Further-
more, although the inter-annual variation of P was large, the
impacts would be insigniﬁcant because the precipitation was
little.
In general, the seasonal variations of the meteorological factors
were simple and stable, and exhibited simple unimodal dynamic,
which were mainly to the result of the scarce precipitation and low
air humidity in this area.
3.2. Components of the surface energy balance
Rn, LE,  H, and G all exhibited remarkable seasonal variation
(Fig. 3 and Table 2). The daily mean values of Rn, H, LE and G dur-
ing the observation period are shown in Fig. 3. The daily mean
Rn could be more than 150 W m−2 in the summer and less than
50 W m−2 in the winter. The maximal monthly mean Rn appeared
in July and had a value (±SD) of 143.11 ± 10.68 W m−2. The mini-
mal  monthly mean Rn appeared in December and had a value (±SD)
of 32.85 ± 2.17 W m−2. G exhibited a consistent seasonal variation
with Rn. In general, the daily G ranged from −10 W m−2 to 10 W m−2
and its ratio in the Rn was  less than 5% (Table 2). The Rn was mainly
partitioned into LE and H.
The seasonal variations of LE and H were not consistent with Rn.
LE could be detected in the growing seasons, but was near zero in
the non-growing season (Fig. 3). Meanwhile, the seasonal H varia-
tion exhibited a reverse course with the LE seasonal course (Fig. 3),
which suggested that the seasonal variation of H was controlled by
the LE course.
In addition, the daily H was low, and was  signiﬁcantly less than
the LE in the VGS (Table 2 and Fig. 3). The H only accounted for
approximately 9% of the Rn in the VGS (Table 2). The daily H was less
because the hourly H in nighttime was often negative in the VGS.
The negative H in nighttime often occurred in summer. When only
considering the energy balance in the daytime, the daily H could
account for approximately 17% of the Rn, but was still less than the
ratio of the LE in the Rn, which was  approximately 73%. This energy
partitioning suggested that the riparian tamarisk in our observation
site did not suffer water stress despite growing under a hyper-arid
climate.
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.3. Seasonal and diurnal variation of ET
.3.1. Seasonal variation
In the non-growing season, the daily ET was generally less than
.1 mm d−1 (Fig. 4 and Table 2). Particularly, the ET was  still weak
n March and April of the non-growing season, in which the Ta,
PD and U increased rapidly (Fig. 2), and the ET0 was  relatively
igh (Fig. 4). This phenomenon suggested that soil evaporation was
eak because the plant transpiration would not have occurred in
arch and April.
In the different phonological stages of the growing season,
he daily ET over the observed tamarisk stand exhibited different
ourses. In the GAE, the ET increased rapidly with time. In the VGS,
able 1
onthly values (±SD) of the meteorological variables at the observation site during the ob
ean  downwelling shortwave radiation (Rsd), air temperature (Ta), minimal and maxima
U),  midday (1100–1400 h) shortwave albedo, and monthly total precipitation (P).
Rsd (W/m2) Mean Ta (◦C) Minimal Ta (◦C) Maximal Ta (◦C) 
January 86.29 ± 3.28 −12.77 ± 1.63 −15.92 ± 0.52 −0.82 ± 1.96 
February 113.43 ± 7.80 −4.76 ± 1.41 −11.64 ± 2.00 6.14 ± 1.54 
March  151.80 ± 4.68 7.56 ± 2.34 −0.17 ± 2.65 18.26 ± 3.34 
April  191.62 ± 13.20 16.60 ± 0.09 8.31 ± 0.06 25.97 ± 1.03 
May  217.32 ± 1.14 21.77 ± 0.11 13.70 ± 0.52 30.47 ± 0.14 
June  215.19 ± 7.28 25.17 ± 0.68 17.46 ± 2.16 32.80 ± 0.95 
July  212.00 ± 19.09 27.35 ± 1.00 21.03 ± 1.44 35.52 ± 0.80 
August  197.87 ± 0.48 26.35 ± 0.09 19.34 ± 0.34 35.87 ± 0.65 
September 176.65 ± 8.48 19.05 ± 0.42 12.09 ± 0.40 30.05 ± 0.55 
October  140.20 ± 4.94 10.38 ± 1.79 3.17 ± 1.95 22.69 ± 1.96 
November 92.43 ± 6.24 −0.52 ± 2.64 −5.99 ± 1.14 9.98 ± 2.76 
December 74.97 ± 4.11 −10.11 ± 0.27 −13.64 ± 0.29 1.00 ± 0.10 essure deﬁcit (VPD), wind speed (U), midday (1100–1400 h) shortwave albedo, and
the ET ﬂuctuated; the changing trends and day-to-day variation of
the ET was synchronous with the ET0. In LSP, ET decreased grad-
ually with time (Fig. 4). A linear relationship (R2 = 0.52) between
daily ET and ET0 in the VGS of the 2012 and 2013 growing seasons
could be found (Fig. 5), indicating atmospheric condition mainly
controlled the day to day variation of ET in the VGS. However, In
the GAE and LSP, the change trend of daily ET was  inconsistent with
ET0 (Fig. 4). Because LAI would change obviously with time during
these periods, we  have analyzed the role of LAI in the ET course
in the GAE and LSP. Here, we assumed the LAI increased linearly
in the GAE and decreased linearly in the LSP (Foley et al., 1996).
The results showed both in 2012 and 2013, the good linear rela-
tionships can be found between the LAI and ET/ET0 (Fig. 6), which
servation period from June 9th, 2011 to November 7th, 2013, including the monthly
l air temperature, air vapor density (v), vapor pressure deﬁcit (VPD), wind speed
v (g/m3) VPD (kPa) U (m s−1) Albedo P (mm)
1.20 ± 0.05 0.13 ± 0.03 0.80 ± 0.09 0.18 ± 0.00 0.00 ± 0.00
1.28 ± 0.16 0.34 ± 0.02 1.06 ± 0.05 0.18 ± 0.01 0.00 ± 0.00
1.61 ± 0.08 1.01 ± 0.19 1.29 ± 0.16 0.18 ± 0.00 0.00 ± 0.00
2.14 ± 0.11 1.84 ± 0.05 1.99 ± 0.02 0.19 ± 0.00 0.05 ± 0.07
3.92 ± 0.59 2.31 ± 0.13 1.89 ± 0.01 0.17 ± 0.01 0.85 ± 1.20
8.58 ± 1.16 2.27 ± 0.16 1.50 ± 0.24 0.16 ± 0.01 28.57 ± 10.45
8.52 ± 0.66 2.70 ± 0.29 1.54 ± 0.12 0.17 ± 0.01 6.73 ± 4.79
7.52 ± 0.32 2.67 ± 0.07 1.49 ± 0.05 0.16 ± 0.00 1.30 ± 2.25
4.92 ± 0.29 1.79 ± 0.05 1.39 ± 0.08 0.16 ± 0.00 0.00 ± 0.00
3.30 ± 0.52 1.04 ± 0.10 1.04 ± 0.04 0.16 ± 0.00 0.00 ± 0.00
2.07 ± 0.87 0.41 ± 0.01 0.96 ± 0.18 0.17 ± 0.02 0.00 ± 0.00
1.44 ± 0.15 0.16 ± 0.01 0.79 ± 0.12 0.17 ± 0.01 0.00 ± 0.00
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Fig. 3. Daily mean net radiation (Rn), latent heat ﬂux (LE), sensible heat ﬂux (H) and ground heat ﬂux (G) at the observation site during observation period.
Table 2
The average energy ﬂuxes components of net radiation (Rn), sensible heat ﬂux (H), latent heat ﬂux (LE) and soil heat ﬂux (G), and the average energy partitions and average
daily  evapotranspiration (ET) in different phonological stages of tamarisk. GAE: the germination and leaf expansion period, VGS: the vibrant growing season, including the
vegetative phase, blooming, fruit ripening stage, LSP: the leaf senescence period, DOR: the dormancy period of tamarisk.
Phenological stage Rn (MJ  m−2 d−1) LE (MJ  m−2 d−1) H (MJ  m−2 d−1) G (MJ  m−2 d−1) ET (mm d−1) LE/Rn H/Rn G/Rn
GAE 10.79 ± 2.93 3.63 ± 3.26 6.51 ± 3.26 0.65 ± 0.33 1.39 ± 1.22 0.34 0.60 0.06
.44 
.78 
.28 
i
L
4
a
t
1
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3
c
F
(
g
t
The correlations between all the hourly ET and corresponding
ET0 in one phenological stage were different between differ-VGS  11.57 ± 3.13 10.08 ± 2.55 1.03 ± 2
LSP  6.37 ± 2.03 2.38 ± 1.44 4.09 ± 1
DOR  4.90 ± 2.56 0.07 ± 0.91 5.06 ± 2
ndicated that the LAI played a critical role in ET courses in GAE and
SP.
In an entire growing season, ET was 509.3 mm in 2012 and
99.8 mm in 2013. In an entire year, ET was 517.2 mm in 2012
nd 503.4 mm in 2013 (ending November, 8), indicating the ET in
he non-growing season was very weak. The mean daily ET was
.39 mm d−1 in the GAE, 3.87 mm d−1 in the VGS, and 0.94 mm d−1
n the LSP (Table 2)..3.2. Diurnal variation
The strong linear relationship between hourly ET and hourly ET0
ould be found in different phenological stages for speciﬁc days. For
ig. 4. The daily evapotranspiration (ET) and daily reference evapotranspiration
ET0) in 2012. GAE: the germination and leaf expansion period, VGS: the vibrant
rowing season, including the vegetative phase, blooming, fruit ripening stage, LSP:
he leaf senescence period, DOR: the dormancy period of tamarisk.0.47 ± 0.35 3.87 ± 0.99 0.87 0.09 0.04
−0.11 ± 0.24 0.94 ± 0.57 0.37 0.64 −0.02
−0.22 ± 0.52 0.02 ± 0.15 0.01 1.03 −0.05
most days of the tamarisk growing seasons, the correlation coefﬁ-
cient between the hourly ET and corresponding hourly ET0 in one
day was usually up to 0.90. Fig. 7 shows the relationship between
the hourly ET and corresponding hourly ET0 for three days chosen
randomly for the three different phenological stages. These results
indicated that the ET variations were mainly controlled by the ET0
on an hourly scale.ent phonological stages. In the VGS, the correlation was good
Fig. 5. Correlation between daily evapotranspiration (ET) and daily reference evapo-
transpiration (ET0) in the vibrant growing seasons. All data from the 2012 and 2013
vibrant growing seasons are included. P < 0.001.
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Fig. 7. Linear relationships between hourly ET and corresponding hourly ET0 for
F
vig. 6. Linear relationships between leaf area index and ET/ET0 in (a) the germination
nd  leaf expansion period (GAE) and (b) the leaf senescence period (LSP). All relevant
ata from in 2012 and 2013 seasons are included. P < 0.0001.
R2 = 0.86), while the correlations were a little bad in the GAE
R2 = 0.55) and LSP (R2 = 0.63) (Fig. 8). Fig. 8 shows the results of
012 growing season, and the same phenomenon existed in the
011 and 2013 growing seasons. This suggested that other envi-
onmental and biotic factors remained relatively steady in the VGS,
hereas in the GAE and LSP, LAI change impacted the ET courses,
s demonstrated in Section 3.3.1.
.4. Variations of the GWD  and SWC  and their roles
The seasonal course of the GWD  indicated that its seasonal varia-
ion was controlled by both the plant water uptake and the artiﬁcial
ater conveyance. The GWD  would drop after the onset of the
rowing seasons, which suggested groundwater consumption by
lant water uptake; however, after mid-August, the GWD  would
rise (Fig. 9), which indicated that the plant water consumption
as less than the lateral seepage. This result was not caused by the
ecrease in plant water consumption (Fig. 4) but by the increase in
ateral seepage that resulted from the artiﬁcial water conveyance
rom the Daxihaizi reservoir to the lower basin of the Tarim River
t this time every year (Ye et al., 2009b). In addition, the general
pward trend of the GWD  in the three years of observation also
ndicated that the artiﬁcial water conveyance project had been
mproving the water conditions for the groundwater-dependent
iparian ecosystems along the Tarim River.
The seasonal variations of the SWC  exhibited certain special
ourses. At a depth of 5 m,  the SWC  in the non-growing season
emained at 51%, but after the onset of the growing season, it would
all gradually until approximately 39%, and then remain stable. In
he late of growing season, the SWC  would rise gradually to 51%.
ig. 8. Correlation between all hourly ET and corresponding hourly ET0 for three differen
ibrant growing season, including the vegetative phase, blooming, fruit ripening stage (Vthree days and three different phonological stages respectively. (a) May  17, 2013,
(b) July 19, 2013, and (c) October 12, 2013. P < 0.0001.
This course was  typical in 2012. However, in 2013, the date of the
onset of the SWC  decrease occurred later and ﬁnished earlier than
in 2012 (Fig. 9). The GWD  in 2013 was shallower than in 2012, and
the SWC  at a depth of 5 m would be strongly inﬂuenced by the
GWD at approximately 5.5 m because of the capillary and water
potential gradient; therefore, the shorter period of SWC  decrease
in 2013 could be expected. The seasonal course suggested that the
SWC  at a depth of 5 m was controlled by plant water uptake and
the groundwater table (Fig. 9). However, the SWC at a depth of
0–4 m did not exhibit clear seasonal variation. The SWC  at depths
of approximately 1.5 m and 3 m remained at approximately 20%
and 30%, respectively, during the observation period (Fig. 9), which
is in contrast to the SWC  in deeper layer and the GWD.
The diurnal variations of SWC  and GWD  had provided more
information about water use of tamarisk. The SWC at depths of 1.5 m
and 3 m did not exhibit diurnal variation over the entire growing
season (Fig. 10a–f). However, the SWC  at a depth of 5 m and the
GWD exhibited some diurnal variations in different plant phono-
logical stages. In the GAE, both the SWC  at a depth of 5 m and the
GWD  exhibited obvious diurnal ﬂuctuation and began to gradually
decline at approximately 2 or 3 h after sunrise, stopped falling until
sunset, and then began to rise at midnight (Fig. 10g and j). In the
VGS, the GWD  exhibited similar diurnal variation, but the SWC at
t phonological stages. (a) The germination and leaf expansion period (GAE), (b) the
GS), (c) the leaf senescence period (LSP). P < 0.0001.
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2ig. 9. Seasonal variations of the daily mean groundwater depth (GWD) and daily 
orrelations with the growing seasons.
 depth of 5 m did not ﬂuctuate (Fig. 10h and k). In the LSP, espe-
ially in the late period, the diurnal ﬂuctuation of the SWC  at a
epth of 5 m and the GWD  was weak (Fig. 10i and l). In general,
he GWD  showed obvious diurnal variation in most days of grow-
ng season, but the diurnal variation of the SWC  at a depth of 5 m
ainly occurred in the GAE.
The characteristics of the seasonal and diurnal variations of the
WD  and SWC  at different depths suggested that the groundwater
nd groundwater-controlled deep soil water were the water source
f tamarisk. Therefore, the water stress on tamarisk would be
ainly caused by the decline of the groundwater table rather than
he soil water decreasing in the root layer, which implied that the
urface energy and water exchanges of the tamarisk stand would
e controlled by the groundwater table. During our observation
eriod, the groundwater table decline occurred in the earlier stages
f the growing seasons, but the declines did not inﬂuence the ET
rocesses. In the 2012 growing season, approximately 0.5 m of the
roundwater table decline did not lead to the ET decreasing trend
Fig. 11). The same phenomenon was also observed in the 2011
ig. 10. Diurnal variations of soil water volumetric content (SWC) at the depth of (a–c) 
honological stages. Data in (a), (d), (g) and (j) were from May 13 to 15, 2012 in the germ
9,  2012 in the vibrant growing season, and data in (c), (f), (i) and (l) were from October 1soil water volumetric content (SWC) at depths of 1.5 m, 3.0 m and 5.0 m, and their
and 2013 growing seasons, which indicated that the groundwater
table decline must exceed a threshold value to produce effects on
the surface energy and water exchanges. During our observation
period, the groundwater table did not decline enough to inﬂuence
the plant water uptake and the related surface energy and water
exchanges.
4. Discussions
4.1. Water use of native tamarisk
Our results indicated that the tamarisk observed in our study
did not suffer water stress during the observation period, which is
supported by the following evidence. First, the persistent decline
of the groundwater table did not lead to the ET decreasing trend
(Fig. 11). If the tamarisk was  suffering water stress, the decline of
the groundwater table and deep soil water content should have
inﬂuenced the plant growth, including the ET process. Second, in
the growing seasons, especially in the VGS, the H value was  much
1.5 m,  (d–f) 3.0 m and (g–i) 5.0 m and (j–l) groundwater depth (GWD) in different
ination and leaf expansion period, data in (b), (e), (h), and (k) were from July 27 to
2 to 14, 2012 in the leaf senescence period.
152 G. Yuan et al. / Agricultural and Forest M
F
o
l
r
c
o
m
i
c
T
w
m
o
C
t
E
h
i
2
b
(
b
t
b
o
o
t
c
s
e
t
r
u
r
s
f
w
t
g
l
w
m
t
w
m
t
T
wig. 11. Effect of the groundwater depth decline on surface evapotranspiration (ET)
ver  the tamarisk stand during the 2012 growing season.
ess than the LE value, suggesting that the tamarisk stand was
eceiving a sufﬁcient water supply. Under the non-water stress
ondition, the observed ET can represent the potential ET for the
bserved tamarisk stand. According to our records, the observed
aximal daily ET was 6.60 mm d−1, which occurred on June 21
n 2011. However, in four days prior, an uncommonly strong pre-
ipitation event with a total of 34.7 mm rainfall occurred (Fig. 2).
hus, this observed maximal ET is distinct. Under the common
eather conditions in this area, the maximal daily ET was approxi-
ately 5.3 mm  d−1, which could represent the maximal water use
f the observed native tamarisk under the hyper-arid climate in
hina.
The ET over the observed tamarisk stand is generally less than
hat observed over invasive tamarisk stands in the USA. The yearly
T in the observed tamarisk stand of our study was  often less than
alf of what is found in the USA, where the yearly ET can be approx-
mately 1100–1200 mm year−1 (Cleverly et al., 2002; Dahm et al.,
002). The daily ET in our study was also less than what is observed
y EC in the USA, where the daily ET was approximately 6–9 mm  d−1
Cleverly et al., 2006; Nagler et al., 2009). These differences might
e attributed to two reasons. First, the soil evaporation over the
amarisk stand in the hyper-arid region could be weak, which will
e discussed in the next section. Therefore, the stand’s ET with-
ut soil evaporation would be less. Second, the vegetation cover
f the tamarisk stand observed in our study was only 0.65, and
he LAI was only 1.15. Although it is one of the largest vegetation
overs in the study region, the vegetation cover in the observed
tand could be less than what is observed in the USA (Cleverly
t al., 2006; Sala et al., 1996). The LAI can have a determinis-
ic impact on the total ET,  as shown in Section 3.3.1. Our results
evealed the potential water consumption of the native tamarisk
nder the non-water stress condition, which can be a valuable
eference for studying the water use of tamarisk as an invasive
pecies.
Through the continuous measurements of soil moisture at dif-
erent depths and the groundwater table, we can determine the
ater sources of native tamarisks. Our results showed that the
amarisk mainly used the groundwater and the soil water near the
roundwater table. Meanwhile, the invariant of SWC  in the shallow
ayer at a depth of 0–4 m did not mean the tamarisk had not used the
ater in this layer. Instead, the constant SWC  in the shallow layer
ight mean the water replenish rate from deeper layer could meet
he requirement of plant root water uptake in that layer. However,
e do not think the possibly steady and sustained water move-
ent in the root layer can be maintained in the study area, because
he surface ET ﬂuctuated greatly in the summer (Figs. 2 and 3).
he greater likelihood is that the tamarisk did not use the soil
ater in the shallow layer. This conclusion is consistent with theeteorology 194 (2014) 144–154
study by Xu et al. (2007a,b), who  studied the water relation of the
native tamarisk using rain pulse experiments and root distribution
observations, but it is not consistent with some studies of tamarisk
as an invasive species in which invasive tamarisk often takes up
a higher proportion of water from shallow unsaturated soils than
native species (Busch et al., 1992; Smith et al., 1998). The adaption
of tamarisks to hyper-arid climates might inﬂuence the species’
preference for using deep soil water and groundwater, whereas
in the arid southwestern USA, additional rainfall and ﬂooding
might supply enough soil water in shallow layer. This suggests
the tamarisk has a strong adaptability to different water environ-
ments.
4.2. Environmental and biotic controls on surface energy and
water exchanges
In the studies on semi-arid and arid ecosystems, precipitation
and related factors, such as shallow soil water and drought events,
usually control the energy partitioning and ET (Krishnan et al., 2012;
Niu et al., 2008; Potts et al., 2006; Scott et al., 2006; Thompson
et al., 2011; Yepez et al., 2005). However, in hyper-arid ecosys-
tems, our analysis shows that groundwater is the water source of
plant growth, which means groundwater would be a crucial fac-
tor controlling growth and distribution patterns in riparian forests
in hyper-arid regions. In terrestrial GDEs, especially in arid regions,
the GWD  often control the GDE diversity (Hao et al., 2010; Tao et al.,
2008), phreatophyte vegetation richness, cover, height (Horton
et al., 2001b; Nagler et al., 2004), and leaf physiological processes
(Gries et al., 2003; Horton et al., 2001a). Therefore, the groundwa-
ter depth threshold rather than the soil water content threshold is
required to characterize the water stress of phreatophytes in hyper-
arid regions. Revealing the groundwater depth threshold, such as a
mean GWD  or range of GWD  (Chen et al., 2006a; Hao et al., 2010),
is essential for quantifying the environmental controls on surface
energy and water exchanges over the GDE in hyper-arid region. In
our observation, the continuous decline of the GWD did not produce
a synchronous decreasing trend in the ET (Fig. 11). This indicated
that an approximate 0.5 m decline of the GWD would not cause
water stress in the tamarisk observed in our study. The range of
GWD decline that can cause water stress of tamarisk is an issue
that needs further study.
In the lower Tarim River basin, soil evaporation accounts for an
insigniﬁcant portion of the total ET under hyper-arid climates and
may  be negligible in this area, which is supported by three facts.
First, in the non-growing season when plant transpiration stopped,
the observed ET was  weak, and in the early and late stage of the
dormancy period of vegetation, the actual ET was  approximately
zero while the reference ET was still great (Figs. 3 and 4), indicating
that soil evaporation was weak during this period. Second, during
the three-year observation period, the SWC  in the shallow layer did
not obviously change, which suggested that water depletion from
soil evaporation was weak. Finally, there was  approximately 20 cm
of a dry sand capping layer in this area that had scant moisture,
which would limit the evaporation of the underlying soil water
(Haghighi et al., 2013). The existence of the dry sand surface layer
can explain why  the soil evaporation is very weak in this area.
The weak soil evaporation suggests that the surface ET in this
area is mainly from plant transpiration, which indicates that the
spatial pattern of the ET in this area is under control of the LAI.
Our analysis shows that the LAI changes mainly inﬂuenced the ET
changes in the GAE and LSP period (Fig. 6), which indicates the
role of the LAI in controlling the amount of ET.  It has been revealed
that the ET in arid areas was  signiﬁcantly related to the LAI in the
riparian forest belt in the southwestern United States (Cleverly
et al., 2006; Sala et al., 1996), and the same regulation would be
expected in the lower Tarim River basin. The strong control of the
orest M
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AI on the spatial pattern of the ET in arid areas, especially in hyper-
rid areas, means that the vegetation index obtained from remote
ensing information could be a convenient indicator to characterize
he spatial pattern of the ET in arid areas.
In other arid or semi-arid areas of China, the VPD is the critical
actor controlling the diurnal ET process over grassland and shrub
egetation stands (Hao et al., 2007). However, in the lower Tarim
iver basin, the ET0, rather than the VPD was the critical factor inﬂu-
ncing the diurnal ET processes of the tamarisk stands (Fig. 8). The
otable linear regression relationship between the ET and ET0 indi-
ated that the hourly ET variation of the tamarisk stands was the
esult of the comprehensive effects of all the atmospheric factors.
owever, our analysis also shows that the seasonal ET processes in
he riparian tamarisk stands are highly related to plant phenology,
hich indicates that the seasonal ET process is under the control
f the plant growth process. The LAI change in different phonolog-
cal stages of tamarisk is a critical causal factor of the ET seasonal
ariation.
In generally, the surface energy and water exchanges in hyper-
rid ecosystems are signiﬁcantly controlled by biotic factors
ecause the weak soil evaporation causes plant transpiration to
ccupy almost all parts of the surface ET.  The biotic factors fall
nto two categories: plant community structural parameters and
lant physiological parameters. LAI determines the spatial pattern
f ET,  and the LAI combined with plant physiological parameters,
uch as leaf stomatal conductance, would jointly impact the sea-
onal variation of ET.  Energy partitioning in a hyper-arid ecosystem
epends on the amount of ET,  which is mainly determined by the
AI. Increased vegetation cover increases the LAI, which increases
he portion of latent heat in energy partitioning, and vice versa. Fur-
hermore, the vegetation cover and plant physiological activities
n hyper-arid ecosystems depend on the complex ecohydrological
nd ecophysiological responses to the groundwater table, which
s another critical factor controlling the surface energy and water
xchanges in hyper-arid region.
. Conclusions
In the lower basin of the Tarim River, the temporal change
f most meteorological factors exhibit simple unimodal dynamic,
hich is mainly controlled by solar radiation. However, the sea-
onal variations of energy and water exchanges in this region are
trongly related to plant phenology. In the non-growing season,
he LE is weak. In the growing season, the LE increases and the H
ecreases accordingly, but the portion of LE in energy partitioning
s determined by the vegetation cover or LAI.  In hyper-arid ecosys-
ems, soil evaporation is weak and plant transpiration occupies
ost of the surface ET,  which causes the unique seasonal processes
f energy partitioning and evapotranspiration in the study area.
Groundwater table and soil water content near groundwater
able exhibited obvious seasonal and diurnal variations while the
oil water content in the shallow layer did not, which suggested
hat the groundwater and the soil water near the groundwater
able are the water source of the tamarisk in the study area. Being
he water source of plant water uptake, the groundwater and its
epth is a critical factor inﬂuencing the phreatophytes in hyper-arid
egions. The groundwater dynamic is more appropriate for quan-
ifying plant water stress than the soil water dynamic in the root
ayer in our study area.
The yearly ET of the native tamarisk stand, which has a veg-
tation cover of 0.65 and is not under water stress conditions, is
pproximately 500 mm year−1. The maximal daily ET under com-
on  weather conditions is approximately 5.3 mm d−1, and the
ean daily ET is approximately 3.85 mm d−1 in the vibrant growing
eason of the tamarisk.eteorology 194 (2014) 144–154 153
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